Within the International Life Sciences Institute Committee on Genomics, a working group was formed to focus on the application of microarray technology to preclinical assessments of druginduced nephrotoxicity. As part of this effort, Sprague-Dawley rats were treated with the nephrotoxicant cisplatin at doses of 0.3-5 mg/kg over a 4-to 144-hr time course. RNA prepared from these animals was run on a variety of microarray formats at multiple sites. A set of 93 differentially expressed genes associated with cisplatin-induced renal injury was identified on the National Institute of Environmental Health Sciences (NIEHS) custom cDNA microarray platform using quadruplicate measurements of pooled animal RNA. The reproducibility of this profile of statistically significant gene changes on other platforms, in pooled and individual animal replicate samples, and in an independent study was investigated. A good correlation in response between platforms was found among the 48 genes in the NIEHS data set that could be matched to probes on the Affymetrix RGU34A array by UniGene identifier or sequence alignment. Similar results were obtained with genes that could be linked between the NIEHS and Incyte or PHASE-1 arrays. The degree of renal damage induced by cisplatin in individual animals was commensurate with the number of differentially expressed genes in this data set. These results suggest that gene profiles linked to specific types of tissue injury or mechanisms of toxicity and identified in wellperformed replicated microarray experiments may be extrapolatable across platform technologies, laboratories, and in-life studies.
The International Life Science Institute (ILSI) Health and Environmental Sciences Institute (HESI) Committee on Application of Genomics and Proteomics to MechanismBased Risk Assessment was established to advance the scientific basis for the development and application of genomic and proteomic methodologies to mechanism-based risk assessment (Robinson et al. 2003) . One of the long-term objectives of the subcommittee is to relate changes in gene and protein expression to other measures of toxicity. Three toxicity working groups were formed to assess the application of microarray technology to nephrotoxicity, hepatotoxicity, and genotoxicity. The HESI Nephrotoxicity Working Group conducted studies using three nephrotoxicants-cisplatin, gentamicin, and puromycin-with different mechanisms or target regions within the kidney (Kramer et al. 2004) . RNA was prepared at one site and sent to other laboratories for analysis on multiple microarray formats, using individual and pooled animal samples.
One of the primary objectives of toxicogenomics is the development of gene profiles characteristic of discrete toxicities that are potentially measurable on any well-designed and well-annotated microarray platform (Hamadeh et al. 2002; Thomas et al. 2001; Waring et al. 2001) . The development of toxicity profiles and specific gene expression signatures requires the use of standardized conditions and the testing of a number of drugs of distinct classes and mechanisms, and therefore they are usually developed on one platform technology. Analytical validation of the veracity of gene changes within a signature is usually performed with an independent gene expression detection technology such as quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). An additional approach to analytical gene profile validation involves the detection of the identified gene signature on microarray platforms that use different types of probes to capture and detect specific RNA transcripts within samples. Deposition in a public repository of genomic data annotated with toxicity data that was generated by the ILSI working groups is one of the goals of this project (Robinson et al. 2003) . The potential to mine gene expression data from diverse sources that will eventually populate public databases will be unrealized if gene profiles of toxicity cannot be extrapolated from one microarray platform to another. It is encouraging that meta-analysis of microarray data collected from different sources and on different microarray formats has shown that cohorts of genes dysregulated in prostate cancer can be consistently identified across data sets (Rhodes et al. 2002) . However, more effort must be devoted to evaluating and improving data comparisons across platforms, including verifying probe annotations, gene family and splice variant analysis, and comparability of statistical methods.
In this article, we examine the crossplatform and cross-experiment reproducibility of gene changes induced in rat kidney by cisplatin treatment and identified as statistically significant on a custom cDNA array. Of the studies performed by the HESI Nephrotoxicity Working Group, the most complete data set with the largest number of microarray formats was available for the study involving the antineoplastic agent and regionally specific nephrotoxicant cisplatin. RNA prepared from the kidneys of rats on day 7 after a single injection of 5 mg/kg cisplatin, a dose and time point coincident with proximal tubule necrosis and regeneration, was tested on three different cDNAspotted arrays (the NIEHS custom rat cDNA array, the Incyte Rat Toxicology GEM, and the PHASE-1 Rat 700 array) and one high-density oligonucleotide array (the Affymetrix RGU34A array).
Materials and Methods
Animal studies. Sprague-Dawley rats Crl:CD(SD)IGSBR VAF/Plus rats were purchased from Charles River Laboratories (Raleigh, NC) and treated with cisplatin (CAS no. 1566-27-1; Sigma Chemical Co., St. Louis, MO) or vehicle in two independent studies. A preliminary study was contracted by the National Institute of Environmental Health Sciences (NIEHS) at Integrated Laboratory Systems, Inc. (Research Triangle Park, NC) using a single dose of cisplatin to determine the feasibility of and to direct the design of the overall project. The single time point (on day 7) and dose level (5 mg/kg) serve as a biological replicate for the longest time point of the high-dose group in the multidose study. Serum chemistry parameters were statistically evaluated by a pairwise t-test following the conduct of a Bartlett's test for homogeneity of variance. A Dunnett's t test was used for those end points for which the Bartlett's test was not significant (p-value > 0.05).
The multidose time course study was performed at Pfizer's Groton laboratories (Groton, CT). Groups of five animals were dosed once by ip injection with 0, 0.3, 1.0, or 5.0 mg/kg cisplatin in saline. Animals were sacrificed at 4, 24, 48, and 144 hr after dosing. Kidneys were snap frozen in liquid nitrogen for RNA isolation. Kidneys were also sampled, fixed in 10% neutral buffered formalin, and blocked in paraffin. Slides from the kidney blocks were processed for hematoxylin and eosin staining.
RNA extraction. Homogenates were prepared from entire kidneys and processed using Qiagen RNeasy Maxi kits (Qiagen, Valencia, CA). Purified total RNA was quantitated by ultraviolet light spectrophotometric determination. Purity and quality were confirmed on gels and an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA). For pooled samples, equal amounts of RNA were combined from each animal in the treatment group.
NIEHS custom cDNA array analysis. RNA was labeled, hybridized to microarrays, scanned, and images processed as described . Briefly, total RNA (35-75 µg) from control animals was labeled with Cyanine 3 (Cy3)-conjugated dUTP and total RNA from treated animals was labeled with Cyanine 5 (Cy5)-conjugated dUTP using SuperScript reverse transcriptase (Invitrogen, Carlsbad, CA). The labeled products from the control and treated animal RNAs were mixed and hybridized to cDNA microarrays in quadruplicate. The cDNA arrays were scanned with an Axon scanner (Axon Instruments, Foster City, CA) and image analysis was conducted using the ArraySuite, version 2.0, extensions of the IPLab image processing software package (Scanalytics, Fairfax, VA) . Genes significantly changed at 144 hr by 5 mg/kg cisplatin were determined as outliers in at least three of four fluor flip experiments with a 95% confidence interval. The binomial probability of chance occurrence at the ratio outlier frequency queried was p < 0.000475.
Affymetrix RGU34A array analysis. Sample labeling, microarray hybridization, washing, and scanning were performed according to the manufacturer's protocols (Affymetrix, Inc., Santa Clara, CA). Briefly, 10 µg total RNA was reverse transcribed using a T7-(dT) 24 oligomer and SuperScript. Biotin-labeled cRNA targets were prepared from cDNA using T7 polymerase (Enzo Diagnostics, Inc., Farmingdale, NY), fragmented, and hybridized to the oligonucleotide arrays. After staining with R-phycoerythrin streptavidin (Molecular Probes, Inc., Eugene, OR), arrays were scanned on an Affymetrix GeneChip Scanner 2500 at a photomultiplier tube (PMT) setting of 1,500. The scans from each array were globally scaled by setting the average signal intensity to a target signal of 500. The data were analyzed using Affymetrix Microarray Suite, version 5.0 (MAS 5.0). For samples from individual animals, pair-wise comparisons between each treated animal and each of the five control animals were performed; the signal log ratios were averaged across comparisons; and change calls were based on 60% or greater agreement across the five comparisons.
PHASE-1 Rat 700 microarray analysis. Sample labeling, microarray hybridizations, and washes were performed according to the protocol supplied by the manufacturer (PHASE-1 Molecular Toxicology, Inc., Santa Fe, NM). Twenty µg of total RNA was primed with oligo dT and labeled by direct incorporation of either Cy3-dCTP or Cy5-dCTP during reverse transcription. cDNA from labeled treated and control samples was purified on Wizard Series 9600 DNA purification resin (Promega Corp., Madison, WI), combined, and hybridized to the same microarray. Each microarray was scanned using a ScanArray 4000 microarray scanner (PerkinElmer, Inc., Wellesley, MA) . PMT values were adjusted to balance total fluorescence signal between the two channels. QuantArray software, version 2.0 (PerkinElmer, Inc.), was used to quantitate the bound signal for each spot on the microarray from the ScanArray output TIFF file. Local background fluorescence was subtracted and the resulting data Lowess normalized. The calculated log 2 ratios were averaged from quadruplicate spots deposited for each queried element on each array.
Incyte Rat Toxicology GEM analysis. Transcription profiling using Incyte cDNA gene expression microarrays (GEMs; Incyte Corp., Palo Alto, CA) was performed essentially as previously described (Schena et al. 1996) . Briefly, poly(A) + RNA was isolated using MicroPoly(A)Pure kits (Ambion, Inc., Austin, TX). Aliquots of 200 ng mRNA were used to generate Cy3-and Cy5-labeled cDNA probes using GEMBrite probe labeling kits (Incyte Corp.). Individual treated and control sample probes were labeled with Cy5, while a pool of equal proportions of the control group mRNAs was used to generate Cy3-labeled cDNA probes. Probe hybridization using Rat Toxicology GEMs was performed at Incyte Corp. as previously described (Schena et al. 1996) . Each slide was analyzed using an Incyte internal program. Microarray hybridizations were evaluated with respect to five quality control parameters, background correction, log balance coefficient, absolute average signal, differential expression ratio, and differential percentage. Signal intensities in the Cy3 and Cy5 channels were normalized using total average signal intensity in both channels to generate a balance coefficient. Elements with signal intensities P1 + P2 < 500, signal to background values P1 STB + P2 STB < 10, or area of coverage < 40%, were recorded as absent values and were omitted from further consideration.
The complete data set is currently being submitted to ArrayExpress (European Bioinformatics Institute, Hinxton, UK; http://www.ebi.ac.uk/arrayexpress) and will be available for public download by the second quarter of 2004. Accession numbers referencing this data set will be available on the HESI web site (http://hesi.ilsi.org/ index.cfm?pubentityid=120).
Real-time qPCR. Primers for heme oxygenase-1 (Hmox1), clusterin (Clu), osteopontin (Spp1), and solute carrier family 15, member 2 (Slc15a2) were designed using Primer Express software (Applied Biosystems, Foster City, CA) and custom made (Research Genetics, Huntsville, AL). The primer sequences (5´ to 3´) were as follows: Hmox1 forward CGTGCTCG CATGAACACTCT, Hmox1 reverse CGGTCTTAGCCTCTTCTGT, Clu forward TGTGGACTGTTCGACCAACAA, Clu reverse GAGGGAATGAAGCAGCT CGTT, Spp1 forward CCAGCCAAGGA CCAACTACAA, Spp1 reverse GCCAAA CTCAGCCACTTTCAC, Slc15a2 forward GCAATGGGAAGCAAGATGTACAG, and Slc15a2 reverse GTGTTGTCGCT TCGGAAGGT. Real-time PCR was performed using the ABI Prism 7700 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. The SYBR Green I labeling kit (Applied Mini-Monograph | Cross-platform study of nephrotoxicity Environmental Health Perspectives • VOLUME 112 | NUMBER 4 | March 2004 Biosystems) was used to detect doublestranded DNA generated during PCR amplification according to manufacturer's instructions. Reverse transcription and PCR reactions were performed simultaneously in a 50-µL reaction containing 4 mM MgCl 2 , 0.8 mM of each dNTP, 100 ng total RNA, 0.4 µM reverse primer and 0.4 µM forward primer, 0.4 U/µL Rnasin, 0.025 U/µL AmpliTaq Gold DNA polymerase (Roche, Basel, Switzerland) and 0.25 U/µL MuIV reverse transcriptase (Roche). Amplification reactions were carried out using the following temperature profile: 48°C, 10 min; 95°C, 15 sec; 60°C, 1 min) for 40 cycles. Fluorescence emission was detected for each PCR cycle and the threshold cycle (C T ) values were determined. The C T value was defined as the actual PCR cycle when the fluorescence signal increased above the background threshold. Induction or repression of a gene in a treated sample relative to control was calculated as follows:
Values were reported as an average of triplicate analyses normalized to glyceraldehyde phosphate dehydrogenase RNA levels.
Results
Cross-platform comparisons. As part of the studies conducted by the HESI Nephrotoxicity Working Group, Sprague-Dawley rats were injected with a single dose of cisplatin (0, 0.3, 1, or 5 mg/kg) and sacrificed after 4, 24, 48, or 144 hr. RNA prepared from the kidneys of these animals was analyzed on several different microarray platforms at different sites. The platforms involved in this study include the NIEHS custom array spotted with 7,000 cDNAs and expressed sequence tags (ESTs), the Affymetrix RGU34A array that contains 8,800 in situ synthesized oligonucleotide probe sets, the Incyte Rat Toxicology GEM that has 9,984 spotted cDNAs and ESTs, and the PHASE-1 Rat Expression array with 700 spotted cDNAs and ESTs. The three cDNA platforms were all constructed using PCR products of 500-2,000 nucleotides in length amplified from libraries of rat cDNA clones. The RGU34A array was constructed using 16 pairs of perfect match and single base-pair (bp) mismatched oligonucleotides, each 25 bp in length, to interrogate each transcript.
A set of 93 genes was identified that was significantly altered in the kidney after exposure to a nephrotoxic dose of cisplatin (5 mg/kg for 144 hr) on the NIEHS array using four independent dye-swap measurements of RNA pooled from individual animals ). The pooled high-dose cisplatin sample was analyzed at different sites on the Affymetrix, Incyte, and PHASE-1 platforms only in single chip determinations. However, biological replicates for this data point were run on all of these three different platforms. Because biological variability is thought to be greater than technical variability for wellperformed microarray experiments (Yang and Speed 2002) , the data from the biological replicates were used for the cross-platform comparison. RNAs from the five rats in the 144-hr high-dose cisplatin group and the five rats in the 144-hr control group were run on individual RGU34A arrays in singlicate. On the Incyte and PHASE-1 platforms, individual treated animal samples were run in singlicate on separate arrays, paired with pooled control RNA labeled with a different fluor. It was readily apparent from tallying the number of gene changes above 2-fold on any of the three platforms that the individual animals did not respond homogeneously to cisplatin. These observations were also reflected in the traditional toxicologic end points of histopathology and serum markers indicative of renal injury. Histopathologic diagnosis revealed that three animals (nos. 76, 77, and 78) had similar moderate levels of single-cell necrosis and tubular regeneration in the outer medulla of the kidney, one animal (no. 79) had a mild degree of injury, and one animal (no. 80) had no visible kidney damage (Table 1) . The blood urea nitrogen (BUN) and serum creatinine levels were significantly elevated in animal nos. 76, 77, and 78 but were at control levels in animal nos. 79 and 80.
Cross-platform comparisons can be ascertained best when probe sequences on the platforms used are fully and correctly annotated. The most in-depth comparison of probes between platforms was performed for the NIEHS and Affymetrix RGU34A arrays, for which the most complete publicly available sequence information was available. The NIEHS array is printed with PCRamplified sequences from sequence-verified Research Genetics rat cDNA library clones ). The Affymetrix rat genome U34A (RGU34A) oligonucleotide array was designed to interrogate 7,000 fulllength sequences and about 1,000 EST clusters from the UniGene (http://www.ncbi.
nih.gov/UniGene/) database (Build 34; Affymetrix Inc. 2001) . The probes of interest were first cross-referenced between the two platforms by UniGene identifier. Where multiple probe sets on the RGU34A array had the same UniGene identifier as a probe of interest on the NIEHS array, the Probe Match tool available on NetAffx (http:// www.affymetrix.com/analysis/inde.affx; Liu et al. 2003) was used to determine which RGU34A probe set had the maximal sequence overlap with the spotted NIEHS sequence. Although probe sequence overlap was not necessary for good correlation of signal between platforms, it was used here to develop the closest map between probe sequences on the two platforms. Additionally, the Probe Match tool was used to identify Affymetrix probe sets that best corresponded to NIEHS probes that had not been assigned UniGene identifiers or had UniGene identifiers that did not match the annotations available for genes on the RGU34A array. Finally, if there was poor agreement in performance for probes matched across platforms by UniGene identifier, the Probe Match tool was used to query for better sequence matches between NIEHS probes and RGU34A probe sets. Probes of interest on the NIEHS array were matched to probes on the Incyte Rat Toxicology GEM and PHASE-1 Rat 700 arrays by UniGene identifier (Mattes 2004) .
Forty-eight of the 93 differentially expressed genes identified in the NIEHS data set could be matched to probe sets on the Affymetrix RGU34A array by UniGene identifier or sequence match. An additional 34 genes in the NIEHS data set could be matched to probe sets on the RGU34B and C arrays, which were not used in this study. For 11 of the 93 genes, either no corresponding RGU34 probe set was found or the sequence spotted on the NIEHS array could not be confirmed by sequence comparison against the National Center for Biotechnology Information (NCBI) nucleotide database using Basic Local Alignment Search Tool (BLAST) analysis (Altschul et al. 1997) . Using the annotation provided by the manufacturer supplemented by BLAST analysis for a subset of probes, 33 of the 93 genes in the NIEHS data set were matched to probes on the Incyte Rat Toxicology GEM. Sixteen of the 93 could be matched to probes on the PHASE-1 rat subarray. Gene expression data from each of the three platforms for the three animals with similar biological response to cisplatin were averaged and compared with the response determined using technical replicates of pooled animal data on the NIEHS platform (Tables 2 and 3) . Among the 48 genes that could be linked between the NIEHS and the RGU34A platform, a good agreement in the direction, statistical significance, and magnitude of change was observed for the majority of the genes (88%) in the data set. Ninety-four percent of the 33 genes in the NIEHS data set identified as present on the Incyte Rat Toxicology GEM were also consistently changed > 1.5-fold among the biological replicates assayed on that platform. Seventy-five percent of the 16 genes in the NIEHS data set that matched to the PHASE-1 Rat 700 array showed a reproducible change > 1.5-fold among the biological replicates. Five of the genes that were significantly changed on the NIEHS platform in the kidney samples lacked concordance of response with the matched probes on other platforms (Table 3) . Correct annotation of the five probe sequences on the NIEHS platform was reconfirmed by BLAST analysis. For 3 of the 5 probes, there was complete sequence overlap between the 16 probe pairs in the most homologous Affymetrix probeset identified and the cDNA sequence. For 2 probes, there was partial overlap between the cDNA and Affymetrix probe pair sequences. Discordant outcomes between platforms may result from cross-hybridization on the cDNA platforms to nontarget sequences, differential detection of alternate splice variants by probes from the same UniGene cluster, misannotation of probes on arrays, mistakes in probe placement on arrays, or large differences in hybridization affinity between probe sequences from the same UniGene cluster. A strong concordance was observed between the degree of renal injury induced by cisplatin in individual animals, as determined by traditional toxicological end points and the strength of correlation of the corresponding gene expression results between platforms. RNA assayed on the RGU34A platform from the three animals (nos. 76-78) that incurred a similar, moderate level of renal injury from cisplatin showed the highest concordance of response with the results on the NIEHS array determined using RNA pooled from the five individual animals in this group (Table 4) . Of the 48 genes in the data set crossmatched between the NIEHS and RGU34A platforms, 41-42 genes from each of animals nos. 76, 77, and 78 were assigned change calls using MAS 5.0 analysis of RGU34A arrays that agreed with the results from quadruplicate measurements of pooled RNA on the NIEHS array (Figure 1) . The Pearson correlation coefficients between the individual animal data determined on oligonucleotide arrays and the pooled data determined on cDNA arrays showed relatively good correlation and close agreement between biological replicates (Table 4) . Kidney RNA from animal no. 79, which had a milder response to cisplatin, displayed fewer significant changes among the genes indicative of proximal tubular injury. The Pearson correlation coefficient for the comparison between the log 2 ratio data for animal no. 79 and the pool assayed on the NIEHS platform was lower (0.655) and only 20 of the 48 genes had change calls in agreement in this comparison. In the kidney RNA from animal no. 80, which showed no histopathology response to cisplatin, only 3 of the 48 genes in the data set altered after cisplatin treatment were significantly changed from control levels and the Pearson correlation coefficient was -0.141 between the log 2 ratio data for animal no. 80 and the NIEHS pool. Similar correlation between gene expression and degree of renal injury for the five individual animals treated with 5 mg/kg cisplatin for 144 hr were seen using the Incyte Rat Toxicology GEM and PHASE-1 Rat Array (Table 4) .
Individual versus pooled animal results. The presence of one apparent nonresponder and one weakly responding animal among 
Individual animal number five animals in a treatment group might be expected to dilute the signal of genes changed by renal injury in pooled samples. This result was observed on the RGU34A array ( Figure 1 , Table 4 ). Specifically, a lower Pearson correlation coefficient and fewer MAS 5.0 change calls were seen with pooled RNA than with samples from the individual animals displaying the full response to cisplatin (32 vs. ~41). Although a similar loss of signal was not seen with the PHASE-1 platform, this could be due to greater technical variation. The individual animal samples were hybridized on a different day than the pooled sample, and it has been observed that dye effects seen with this platform are most consistent within hybridization batch (Rosenzweig et al. 2004) . Although the cisplatininduced data set was determined on the NIEHS platform using pooled animal samples, the statistical power added by the use of four replicates might compensate for some loss of signal due to pooling. However, if a uniform response is not seen among animals within an individual treatment group as was observed in this study, pooling may attenuate measurable gene expression changes and conceal small but biologically relevant changes. Verification by qRT-PCR of differentially expressed genes. The changes in expression assayed on multiple microarray formats in kidneys with proximal tubule damage were further verified for 4 genes by qRT-PCR assay (Table 5 ). In the pooled animal sample, heme oxygenase-1 (Hmox1) was induced almost 8-fold (log 2 ratio of 3) in the qRT-PCR assay but 2-fold or less on the oligonucleotide-and cDNA-based platforms. In contrast, Clu was induced about 3-fold in the qRT-PCR assay and 6-to 10-fold on microarrays. Spp1 and Slc15a2 genes were induced or repressed to similar extents in the qRT-PCR assay and on all platforms assayed in this study where present.
Repeatability of in vivo studies. The cross-study applicability of the set of gene markers of cisplatin-induced injury was examined using data from the preliminary study conducted by the Nephrotoxicity Working Group at an independent site from the multidose study, including RNA preparation. For the preliminary study, six animals per treatment group received a single injection of saline or 5 mg/kg cisplatin and were sacrificed 144 hr later. All animals in the group displayed significantly lower body weights and liver weights at sacrifice, but only slight elevations were observed in BUN (28 mg/dL ± 7 mg/dL, mean ± SD, in treated vs. 17 mg/dL ± 1 mg/dL in controls; Cochran-Cox t-test pairwise p-value of 0.01) and serum creatinine (0.6 mg/dL ± 0.06 mg/dL in treated vs. 0.25 mg/dL ± 0.08 mg/dL in controls; Dunnett's test pairwise p-value < 0.05). The RNA from the animals was pooled within the treated and control groups and tested on PHASE-1 arrays on six replicate arrays with flipped fluor labeling. Among the 16 genes in the NIEHS set of cisplatin-altered genes that match to probes on the PHASE-1 platform, a similar trend in gene expression change was observed between replicate experiments on the same array and across arrays (Figure 2) , even though serum markers of renal dysfunction were altered to different extents in the two studies. One gene (Gstm2) that showed a significant change only on the NIEHS platform and not on the PHASE-1 platform in either replicate study was discovered on closer inspection to have been originally misannotated on the NIEHS array. Recent BLAST analysis of the spotted NIEHS sequence at this location revealed that the closest sequence match for this probe was with Gstm1, not Gstm2. Probes correctly annnotated and matched between the NIEHS and Phase-1 arrays might be anticipated to perform similarly with the same samples if differences in probe labeling, hybridization, scanning, and data processing do not mask the true gene expression changes within the samples because both arrays were constructed from the same library of rat cDNA clones.
Discussion
In this study we examined the ability of different microarray formats to identify gene expression changes in kidneys of rats treated with cisplatin. A set of differentially expressed genes that were significantly changed was developed from four replicate determinations on a custom cDNA array. We found that a significant subset of the genes in this set could be identified as differentially expressed on each of the other platforms, transcending specific target capture technologies and providing additional validation to their inclusion in the profile. These data also suggest that the same biology can be captured and reported, independent of gene coverage, by different array formats when gene profiles are developed that are linked to defined toxicities.
Many of the 43 genes in the platformindependent gene profile have known Comparison of average log 2 ratios between independent in vivo experiments. Average log 2 ratios for the 16 genes significantly altered in rat kidney by 5 mg/kg cisplatin on the NIEHS custom cDNA array and cross-matched to the PHASE-1 Rat Toxicology array are shown for pooled animal samples from the same study on the NIEHS array and PHASE-1 array and for an independent study on the PHASE-1 array. Genes are designated by locus symbol. Average log
NIEHS array (n = 4) PHASE-1 array (n = 1) Independent study on the PHASE-1 array (n = 6) VOLUME 112 | NUMBER 4 | March 2004 • Environmental Health Perspectives structural or functional ontologies that are consistent with the biology associated with cisplatin nephrotoxicity. Genes associated with damage to proximal tubules, tissue remodeling, and regeneration are represented in this set. Genes involved in cytoskeletal structure and function (Vim, Tubb5, Tmsb10, Tmsb4x, Anxa2) , in cell adhesion (Spp1, Col1a1, Clu, Lgals3) , and detoxification enzymes (Gstm2, Gstp2) are upregulated following cisplatin-induced injury. Genes downregulated by cisplatin include those that localize to the proximal tubules (Odc1, Oat, G6pc, Kap) and those that encode growth factors or their binding proteins (Egf, Ngfg, Igfbp3, Ghr) . Further global analyses of gene expression changes associated with different types of nephrotoxicity will be necessary to define which genes in this set are hallmarks of specific mechanisms of injury and which are more general markers of renal damage, immune cell invasion, or tissue remodeling. Subsets of the genes identified as platformindependent markers of cisplatin-induced renal damage in this study have been observed in other global analyses of differentially expressed genes after renal damage. Significant changes in the expression of Clu, Tmsb10, Ccng1, Igfbp3, and Egf were observed in kidney RNA from male SpragueDawley rats that received daily injections of 1 mg/kg cisplatin for 7 days using PHASE-1 Rat 250 microarrays (Huang et al. 2001) . Upregulation of Tubb5, Col1a1, Gst, Lgals3, and Anxa2 and downregulation of Igfbp3 and Egf were also observed in ischemia-induced acute renal failure in mice on Affymetrix Murine U74A arrays (Yoshida et al. 2002) . Calcium oxalate nephrolithiasis induced Tmsb4x, Col1a1, Spp1, and Tgfb1i4 expression in rat kidney analyzed on a custom cDNA microarray (Katsuma et al. 2002) .
Analysis of the same sample on different microarray formats can provide an alternate approach for confirming gene expression changes. Discordant results between platforms may identify examples of incorrect annotation or cross-hybridization to nontarget gene sequences. Other potential sources of variability such as differences in RNA extraction or other processing methods were not addressed in this study. Earlier cross-platform studies that compared the correlation between all statistically changed genes that can be mapped between different platforms have shown either poor correlation or disparities in sensitivity between platforms (Kuo et al. 2002; Li et al. 2002) . The higher degree of correlation between platforms seen in this study may be due to the use of a data set composed of statistically significant gene changes from individual animal replicates that were phenotypically anchored to histopathology and to the use of sequence alignment to match probes between different platforms. As more experience is gained with multiplatform analysis, probes will be identified that are able to detect particular gene transcripts with higher fidelity, enhancing our capability for optimizing measurements of gene expression changes on a genome scale. The current state of knowledge about the rat transcriptome, gene families, and splice variants hinders complete and accurate cross-annotation of the targets detected by probes on different platforms. Continued probing of sequence validation based on cross-platform analyses should help improve the overall quality of microarray gene expression data.
